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Abstract
Relationships between six calcifying plankton groups and pH are explored in a highly biologically productive and data-rich area of the central North Sea using time-
series datasets. The long-term trends show that abundances of foraminiferans, coccolithophores, and echinoderm larvae have risen over the last few decades while the 
abundances of bivalves and pteropods have declined. Despite good coverage of pH data for the study area there is uncertainty over the quality of this historical dataset;
pH appears to have been declining since the mid 1990s but there was no statistical connection between the abundance of the calcifying plankton and the pH trends. If 
there are any effects of pH on calcifying plankton in the North Sea they appear to be masked by the combined effects of other climatic (e.g. temperature), chemical 
(nutrient concentrations) and biotic (predation) drivers. Certain calcified plankton have proliferated in the central North Sea, and are tolerant of changes in pH that have 
occurred since the 1950s but bivalve larvae and pteropods have declined. An improved monitoring programme is required as ocean acidification may be occurring at a 
rate that will exceed the environmental niches of numerous planktonic taxa, testing their capacities for acclimation and genetic adaptation.
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Introduction
Anthropogenic carbon dioxide emissions are changing ocean chemistry at a rate that is, as far as we know, unprecedented [1]. The ocean has absorbed around 30% of 
total CO2 emissions over the past 200 years causing a 30% increase in average surface ocean concentration of H+ causing a range of chemical changes known 
collectively as ocean acidification [2]. It is imperative that we understand the effects of ocean acidification on marine plankton; they are responsible for around half of 
global carbon fixation, they are a life history stage for most benthic organisms, and they form the basis of marine food webs, underpinning food security for millions of 
people worldwide [3].
It is currently unclear how present day chemical changes, caused by increasing CO2 levels in seawater, are affecting the plankton [4]. Experimental work shows that 
some marine microalgae are likely to grow well as pCO2 levels increase although they may have reduced nutritional quality with adverse ecological impacts on food 
webs via copepods to fish [5], [6].Calcifying taxa are widely predicted to be adversely affected, since ongoing acidification is rapidly lowering the calcium carbonate 
saturation state of surface waters, although work has begun on their ability to adapt or to evolve to cope [7], [8]. We know that there are large differences between 
responses of organisms to increasing levels of CO2 in seawater, even between strains of the same species [9]. Some laboratory studies have found that 
coccolithophores experience compromised lith formation when exposed to an acidified environment [10], while other work shows increased calcification in response to 
rising CO2 concentrations [11]. Responses to ocean acidification also vary depending upon food availability; mussels (Mytilus edulis) recruit from the plankton and grow 
well during periods of naturally high CO2 in the eutrophic conditions of the Baltic [12] but in oligotrophic conditions mollusc settlement is severely disrupted and adult 
mussel shells corrode as CO2 levels increase [13] since only well fed individuals can ‘afford’ the metabolic defenses that are needed to protect against increased acidity 
[14] . Parallels can be seen in the metabolic responses of other species to stress. Plaice (Pleuronectes platessa), for example, can cope with higher temperatures in 
areas of higher food availability [15].
Most investigations into the effects of decreasing pH on planktonic organisms have taken place in short-term laboratory, or mesocosm, experiments. Such work has 
provided detailed insights into the physiological effects of decreased pH, such as an ability of planktonic echinoderm larvae to maintain intracellular pH and calcify 
despite low extracellular pH [16], but very little information is available about the impacts that ocean acidification is having, or might have, on the abundance of 
calcifying plankton [17]. Studies at submarine volcanic vents with naturally high CO2 levels show that ocean acidification may radically alterfood webs [18] and models 
predict that marine plankton will soon experience pH conditions completely outside recent historical ranges [4]. Research, then, is urgently needed to determine 
whether or not ocean acidification will affect the ecology of this fundamentally important group of marine species.
Continuous Plankton Recorder (CPR) survey data offers a long-term (>80 year) database of the abundance of plankton, in relation to environmental factors including 
pH, temperature and nutrients [19]. In the Northeast Atlantic, changes in the distribution of calcifying plankton during the past five decades are thought to be mainly 
driven by warming, although the influence of ocean acidification is unclear due to a paucity of data on changes in pH [see Figure S2 in [17]]. Here, we focus on changes 
in calcifying plankton taxa in a 280,000 km2 portion of the central North Sea (ICES area 4B; Figure 1) because this area has the richest pH dataset. This area contains 
the Dogger Bank, which is socioeconomically important as it supports extremely productive commercial fisheries, particularly for the planktivorous sandeel which 
themselves are an important food for larger fish, seabirds and cetaceans [20], [21]. We explore changes in the abundance of potentially vulnerable calcifying plankton 
groups, and their possible links to alterations in their environment, including pH. The purposes of this paper were to firstly assess trends in North Sea pH data and to 
determine whether there is any long-term relationship between the pH data and the abundance of calcifying plankton.
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Figure 1. Area ‘4B’ in the North Sea based on a classification due to the International Council for the
exploration of the Sea (ICES).
Black dots in ‘4B’ are the sample locations for all the ICES oceanography data, while the red dots are the 6229 stations at which pH measurements were also
done.
doi:10.1371/journal.pone.0061175.g001
Materials and Methods
Oceanography data
Data on pH, and other oceanographic variables (e.g. sea temperature) were obtained from the International Council for the Exploration of the Sea (ICES). These data 
are freely available via the ICES website (www.ices.dk), and cover the entire North Atlantic and European continental shelf areas. In the North Atlantic there is very little 
historical pH data whereas the central North Sea (ICES area 4B; Figure 1) has the most numerous set of historical surface seawater pH records in the OSPAR region 
[17] (see Table 1) and for this reason was selected for further study. Despite the abundance of pH records for this region, there are difficulties with interpreting this 
historical dataset since metadata on how they were collected are unavailable [22]. ICES is now formulating plans to measure long term changes in pH, carbonate 
parameters and saturation states of aragonite and calcite in support of assessment of risks to and impacts on marine ecosystems, but at present the ICES pH database 
is the best available information for the region [22]. Our statistical analyses on the connection between the planktonic calcifiers and pH was only carried out on data 
between 1980 and 2010, since in the earlier period the pH data are too sparse.
Table 1. ICES oceanographic database: total numbers of observations in the North Sea 1958–2010.
doi:10.1371/journal.pone.0061175.t001
Plankton Data
The Continuous Plankton Recorder survey has collected ~1 million plankton samples in the North Sea/North Atlantic during the last eight decades, and is operated by 
the Sir Alister Hardy Foundation for Ocean Science (SAHFOS) in Plymouth, UK. The survey, which routinely identifies ~500 plankton taxa, most to species level, has 
had a virtually unchanged methodology since 1931, making it the world's longest and most spatially-extensive macro-ecological marine dataset (see [23] for more 
information on CPR methodology).
Phytoplankton cells are identified and recorded as either present or absent across 20 microscopic fields spanning each section of silk; CPR phytoplankton abundance 
must, therefore, be considered semiquantitative as each species is recorded once per field, independent of the number of cells in a field. Zooplankton analysis is carried
out in two stages with small (<2 mm) zooplankton identified and counted on-silk and larger (>2 mm) zooplankton enumerated off the silk [23]. The CPR survey uses silk 
with a relatively large mesh size (270 µm), which is known to undersample most plankton taxa, in particular small-sized groups such as coccolithophores and 
foraminifera. Clogging in patches of high biomass plankton can reduce the effective mesh size of the CPR silk [24]. The proportion of individuals captured by the silk is, 
however, a roughly consistent fraction of the in situ abundance of each taxon, reflecting the major changes in abundance, distribution, and community composition of 
the plankton, and is consistent and comparable over time [24]. CPR data for the small coccolithophorid Emiliania huxleyi, for example, have been found to show 
interannual and spatial patterns in agreement with data derived from satellite remote sensing [25]. Therefore, CPR abundance data are best used to explore relative, 
rather than absolute, changes in the abundance and frequency of occurrence of plankton.
CPR data for ICES area 4B for the following six calcifying taxa were obtained from SAHFOS: (i) coccolithophores; (ii) foramiferans; (iii) echinoderm larvae; (iv) bivalve
larvae; (v) Clione limacina; and thecosomes (Figures 2a–f). Data were available as averages for ICES area 4B per month per year between 1958 and 2010 (see [26] for
methodology). Abundances for Clione limacina, thecosomes., echinoderm larvae, and bivalve larvae reflect quantitative abundance; however, due to changes in their 
enumeration, the values for coccolithophores and foraminifera represent percent frequency of occurrence on CPR samples.
Figure 2. Calcifying plankton: (a) Emiliania huxleyi (Photo credit, G. Hallegraef); (b) Foraminiferan Globerigina spp.
(Photo credit, J. Bijma); (c) Echinocardium spp. larvae (Photo credit, R. Kirby); (d) Bivalve larvae (Photo credit, R. Kirby); (e) Clione limacina (Photo credit, R.
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Hopcroft); and (f) Limacina helicina (Photo credit, R. Hopcroft).
doi:10.1371/journal.pone.0061175.g002
Combining the data
The CPR data were available as averages per month per year for ICES area 4B between 1958 and 
2010. The ICES oceanographic data were, however, sent to us in raw form (Figure 1) with information on
the exact location (longitude and latitude) of each station together with the position in the water column 
of the actual sample, and its ‘sounding’ depth. In order to merge the datasets, therefore, monthly 
averages were also created for each oceanographic variable (eg. pH, temperature, and salinity) in the 
ICES dataset. Since CPR data are taken at the surface [27] only oceanographic data recorded in the top 
25 m were used. Similarly, any data from very shallow areas (<10 m) were omitted from the analyses 
since these can be highly variable due to river inflows and changing salinity. To average pH data over a 
monthly time-period they were first converted to hydrogen ion concentrations, from which the pH could 
then be re-calculated. Once this new simpler dataset had been built, it was merged with the CPR 
plankton dataset, on which all subsequent analyses were based.
Data exploration
Firstly a ‘long-term trend’ variable was calculated and appended to the dataset. This represents absolute
time from January 1958; hence January 1958 is ‘1’ and January 1959 is ‘13’ and so on. Temporal 
changes in the groups of calcifying plankton, and oceanographic variables were first examined visually 
by simply plotting them as a function of this long-term trend (Figures 3 & 4). Subsequently, long-term 
changes in the abundances of each group or species were summarized using Friedman's ‘super 
smoother’ [28] and these are plotted in Figure 5. Super smoother is a running lines smoother which chooses between three spans for the lines. The best of the three 
smoothers is chosen by cross-validation for each prediction. The best spans are then smoothed by a running line smoother and the final prediction chosen by linear 
interpolation.
Figure 3. Long-term changes in the abundance of calcifiying plankton in ICES area ‘4B’ between 1958 and 2010.
doi:10.1371/journal.pone.0061175.g003
Figure 4. Long-term change in oceanographic variables between 1958 and 2010.
Blue dotted line is the average and the red line is the long-term trend estimated using super-smoother.
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Figure 5. Long-term trends in the abundance of calcifying plankton between 1958 and 2010.
The trends were estimated using Friedman's super-smoother in which abundance is modeled as a function of long-term trend.
doi:10.1371/journal.pone.0061175.g005
Statistical modeling
All the time-series datasets examined here have obvious long-term trends and cyclical seasonal components, which means that they all tend to be correlated with each
other, e.g. Table 2.
Table 2. Correlation coefficients between bivalve larvae, Clione limacina, thecosomes, pH and temperature.
doi:10.1371/journal.pone.0061175.t002
These relationships can be misleading, and any results based on these pairs of observations could be spurious. It is well known that correlation can show an apparent 
relationship between two variables that have no causal link: the relationships existing because both data sets have underlying trends and seasonal variations. Any 
series that has a trend will tend to be correlated to any other series that has a trend. For this reason, it is preferable to quantify and describe the trends and seasonal 
effects first, before comparing multiple series. This is usually achieved by working with the residuals of a fitted time series model, which is what we do here. The time 
dependency in the pH, bivalve larvae, Clione, and thecosome data were modeled using harmonic seasonal regressions [29] in which both linear and quadratic long-
term trends were assessed in the model selection process. The individual harmonic terms were selected using a standard stepwise approach. The residuals from each 
of these fitted models were then examined for any residual dependency between the datasets which might provide statistically more convincing evidence of causality. 
The data we used are appended to this publication as (Table S1) and are available online or directly from the authors.
Results
Both the biological and oceanographic time-series are strongly seasonal (Figs 3 & 4) although seasonality in the foraminiferan category is the most irregular. In terms of
long-term trend, the calcifying plankton can be divided into those with trends increasing (Figure 5) and those with trends falling (Figure 5). Those that proliferated are 
coccolithophores (Figure 2a), foraminifera (Figure 2b) and echinoderm larvae (Figure 2c), although it should be recalled that coccolithophore data were only available 
after 1992. Between 1958 and 1972 the abundance of echinoderm larvae in the CPR fell slightly, after which it has risen fairly steadily, with levels in 1983 and 1998 
being especially high (Figs 3 & 5). The abundance of foraminiferans has risen throughout the entire time period (1958–2010) and coccolithophore abundance has also 
increased markedly between 1993 and 2010 (Figs 3 & 5). Bivalve larvae (Figure 2d), Clione limacina (Figure 2e), and thecosomes . (Figure 2f) have all declined in 
abundance with similar patterns of long-term trend in the central North Sea (see Figs 3 & 5) with relatively higher abundance between 1950 and the early 1970s, 
although peak years were different amongst these taxa. For example, bivalve larval peaks were noted in 1963 and 1968 whereas for thecosomes the peak year was 
1961. In summary, profound changes were noted: high numbers of bivalve larvae, for example, were recorded in 1997 but otherwise densities have been very low. 
Between 2003 and 2010, no bivalve larvae have been recorded in the CPR samples for the majority of years.
Long-term trends and seasonalities for the oceanographic variables we investigated are plotted in Figure 4. The black solid lines are the raw data (i.e. monthly 
averages), the blue dotted lines denote the mean levels for the entire series, while the solid red lines represent ‘smooth’ functions describing the long-term trend. 
Between about 1980 and 1989 pH levels were about average (coincident with the blue dotted line), then they rose, being above average until around 2002 when they 
began to fall. Apart from a period in the very late 1950s and early 1960s sea surface temperatures were consistently lower than the average until circa 1988 since when
they have been higher. Note that this increase in sea-temperature in 1988 coincides with a widely cited ‘regime shift’ in the ecology of the North Sea [30]–[31]. The 
salinity data are rather noisy in contrast, the seasonal patterns much less obvious, and characterized by periodic exceptionally low readings. Overall there is a 
suggestion that salinity levels in ICES 4B fell between 1958 and 1988 since when they have been rather stable (Figure 4). Like pH, the chlorophyll and total nitrogen 
concentration data were only available since the early 1980s (Figure 4). Both these datasets were clearly noisier in the 1980s and early 1990s. Overall average levels 
of chlorophyll have not changed much, whereas total nitrogen concentrations have fallen steadily since the early 1980s due to legislation imposed during the 1970s 
limiting the use of fertilizer in agriculture [32].
In Figure 5 the estimated long term trend for each of the calcifying plankton categories is plotted together with that for pH to facilitate visual comparisons. Unfortunately 
the pH data are sparse prior to 1980 which is when the more thorough comparisons among the time-series, perforce, began. It is clear that average pH records have 
not declined steadily between 1980 and 2010 in ICES area 4B. They rose from ~8.08 in the early 1980s to peak at ~8.12 in 1998, since when the recorded pH fell to 
~8.0 in 2010. Bivalve larvae, Clione, and thecosomes have long-term trends that appear to be only very broadly parallel with the long-term trends in pH records. [Note 
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that echinoderm larvae and foraminiferans have been rising steadily since the late 1950s, see Figure 5]. For this reason it was decided that subsequent statistical time-
series modeling analyses, in support of our hypothesis that, “calcifying plankton will be adversely affected by falling pH”, would only be sensible between bivalve larvae, 
Clione, thecosomes, and pH. The best models for pH, bivalve larvae abundance, Clione abundance, thecosome abundance in ICES area 4B are given by the following 
harmonic regression models, where t is absolute time:
1. pH = 7.53+0.003t–0.000006t2–0.11 cos(2πt/12)+0.06 cos(4πt/12)– 0.03 sin(8πt/12) 
2. Ln(Bivalves) = −8.09+0.051t–0.0001t2–1.08 sin(2πt/12)–1.82 cos(2πt/12) 
3. Ln(Clione) = −11.87+0.039t+0.00005t2–0.54 sin(2πt/12)+0.64 cos(2πt/12) –0.36 cos(4πt/12) 
4. Ln(Thecosomes) = 5.5987−0.01780t+0.00002t2–2.3620 sin(2πt/12)−0.2878 sin(4πt/12) 
Model 1 is an ordinary linear model which fitted the pH data adequately but, due to the skewed nature of the bivalve, Clione, and thecosome (Models 2,3, & 4) data, and
the high prevalence of zeros, Generalized Linear Models with quasipoisson link functions were preferred [33]. The three time-series models (i.e. 1–4) are plotted in 
Figure 6a. In all models a quadratic long-term trend term was selected (see models 1–4 & Figure 6a). The shape of this trend with peaks on the early and mid 1990s 
was similar for three of the series (models 1,2 & 4, see also Figure 6a) but the pattern summarizing long-term trend in the thecosomes was opposite, with peaks at each 
end of the series (Figure 6a).
Figure 6. Predicted values from the harmonic seasonal regression models fitted to bivalves, Clione, thecosomes and pH (ie. output from models 1,2,3 & 4).
doi:10.1371/journal.pone.0061175.g006
The seasonalities were all quite different in shape. Average pH records peak in July (Figure 7) which happens because photosynthesizing phytoplankton are using CO2
to fix organic material for growth reducing dissolved CO2 levels which increases pH, or makes the water more alkaline. The abundance of planktonic bivalves was 
highest in July, while Clione and thecosome abundances peaked in October, and September respectively (Figure 7).
Figure 7. Seasonality in pH, bivalve, Clione and thecosome abundance in ICES area 4B (i.e. output from models 1,2,3 & 4).
doi:10.1371/journal.pone.0061175.g007
After trend and seasonal removal using these models the residuals from each were regressed against each other and the results are displayed in Tables 3a,b and c. It 
is clear that after ‘removing’, or accounting for, long-term trend and season there is no relationship between pH in ICES area 4B and either bivalve larvae, Clione or 
thecosome abundance. We also tried ‘Granger causality’ tests [34], too, which do not alter the conclusions.
Table 3. Analysis of variance tests.
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It should be noted that average pH may not, of course, be the most important factor; it may be either maximum or minimum pH (or other environmental drivers) or the 
variability around them that more realistically affect abundance of plankton. During our investigations we repeated the analyses described above by also calculating the
minimum and maximum pH in ICES 4B, instead. After detrending and deseasonalising the data in the identical way as described above for the average pH, we found 
that the results were qualitatively identical, ie. no relationships were detected.
Discussion
North Atlantic calcifying plankton distribution exhibited an abrupt shift in their distribution in the mid 1990s which has been attributed to climate-induced changes in 
temperature [17], although the effects of ocean acidification are unclear due to a lack of historical pH data for this region. Here we focus in on a pH data-rich region of 
the North Sea to more closely examine trends in distribution and abundance of calcified plankton. We found that average pH records have not been decreasing 
uniformly in the central North Sea despite steadily increasing levels of CO2 in the atmosphere [2]–[3]. This contrasts with the recent rapid rate of acidification reported in 
the southern North Sea [35] and at long-term monitoring stations at Hawaii, Tatoosh Island in the North Pacific, and Bermuda [36]–[37]. Since the mid to late 1990s, 
however, pH records have fallen, but whether or not this is the beginning of a more persistent long-term decline is not known. Given the level of concerns over ocean 
acidification, seawater carbonate monitoring stations are clearly urgently needed [22]. Although ICES sets out quality control guidelines in their guide to CTD data 
collection, metadata describing the details of how the pH is measured (details of pH meters, buffers etc.) are not yet collected by ICES. Modeling efforts are underway 
to attempt to fill data gaps in pH data, but in the North Sea model-derived pH and pCO2 remain uncertain, largely due to riverine input and primary production [38]. 
Because of these limitations, and in order to examine change in pH at a comparable regional spatial scale to plankton, we used monthly mean pH. It is worth noting
here that a framework for international coordination of ocean acidification observations is currently being developed, involving the US National Oceanic and
Atmospheric Administration (NOAA), the International Ocean Carbon Coordination Project (IOCCP) the Global Ocean Observing System (GOOS) and ICES which will
improve the situation in future [22].
The abundances of three out of the six calcifying taxa that we identified as being potentially vulnerable to ocean acidification fell between 1958 and 2010, while the 
abundances of both coccolithophores and foraminiferans, by far the most important planktonic CaCO3 producers in the world ocean, are actually soaring in the North
Sea (Fig. 5). Clione and thecosomes are thought to be highly susceptible to pH fluctuations as they produce aragonite skeletons. The abundance of both has fallen 
since the late 1950s, although thecosomes increased again slightly between 2002 and 2010 (Fig. 5). The only plankton groups whose dynamics have similar long-term 
trends to pH were Clione, bivalve larvae and thecosomes. There were, however, no confirmatory statistical relationships that we could find between, either the Clione,
thecosomes. or the bivalve larval categories and pH. The quadratic trends between pH, bivalve larvae and Clione series are similarly shaped (Fig. 6a) and move in the 
same direction, while the trend for the thecosomes category is opposite, with peaks at each end and a dip during the middle period (Fig 6a). This suggests that they still 
could be related or connected. Evidence, however, in the form of the temporally mis-matched seasonalities (Fig. 6b) plus other scientific information makes this very 
unlikely in our opinion. In order to arrive at this conclusion we would also have to accept a positive relationship between pH, bivalve larvae, and Clione and a negative 
one between pH and thecosomes. A pteropod time-series from the North Pacific suggested an increase in Clione and a decrease in thecosomes; but the drivers behind 
the abundance and biomass trends of the two taxa in that region are unclear, and there is no evidence to suggest change in pH as a driver [39]. Pteropod time-series in 
the California Current and the Northwest Atlantic also show no clear trends [40]–[41]. We believe, instead, that the long-term trends these three North Sea taxa are 
responding more to the complex, combined impacts of other climatic, chemical and biotic drivers. Temperature is thought to be the main driver of changes in North 
Atlantic calcified plankton distribution [17], [42]; however, we found no clear statistical link between thecosomes, Clione, and temperature in the North Sea.
Larval surveys are a long established means of estimating the status of spawning stocks of many species of fish [43] and invertebrates [44]. Bivalve larvae fell in 
abundance from the 1950s to 2010 (Fig. 5) which Kirby and Beaugrand [45] argue is due to temperature-driven changes that have increased decapod predation on
bivalves in the benthos, although ocean acidification could be involved. Overall increases of echinoderm larvae are also clear from the CPR data (Fig. 5) which Kirby et 
al. [46] attribute to rising temperatures. Although temperature certainly appears to be a major environmental factor driving changes in North Sea plankton, the 
contribution of changes in pH variability and decreasing saturation states of aragonite and calcite are as yet unknown. Increases in pCO2 adversely affect larval
development in a wide range of marine molluscs [13] and it is this vulnerability that is thought to be causing failures in NE Pacific oyster production [47]. Conversely 
echinoderm larvae may be relatively robust, as despite having easily corroded high Mg-calcite skeletons, they can regulate their internal pH and continue larval 
calcification [16]. As some bivalves and echinoderms spend relatively short periods in the plankton the monthly time resolution of CPR data is not as good as, say, 
weekly or daily resolution and this will not expose the true degree of plankton variability. The series we examined, however, did reveal strongly seasonal cycles (see Fig 
6b) with peaks in bivalve larval abundance seen in July, Clione abundance in October, and thecosome abundance in September.
Phytoplankton biomass is increasing in the North Atlantic basin [19] which the increased coccolithophore frequency of occurrence, revealed in the present study, 
reflects. The increase in phytobiomass is widely attributed to increases in temperature as a result of global climate change; coccolithophore blooms, in particular appear 
to respond to warm sea-surface temperatures [25] although the effects of increasing pCO2 levels may be stimulating algal growth [18].
It is thought that foraminiferan calcification rates will decrease with decreasing pH but experimental evidence currently exists for only 2 out of the >50 planktonic species
known [9]. Laboratory experiments have shown that shell mass decreased in foraminiferans grown in an acidic environment [48] but shell formation and foraminiferan 
growth also depend on water temperature and food supply. Warming sea surface temperature as a result of climate changes could lead to increased foraminiferan 
growth rates [48], which may explain our observed trends in the North Sea CPR data. It is also possible that the calcified foraminiferans and coccolithophores have 
been able to proliferate in the North Sea through physiological acclimation and evolutionary adaptation to changes in carbonate chemistry [8].
In conclusion, we show that pH records have not fallen systematically in the central North Sea since the 1950s, although there has been a downward trend since the 
mid 1990s. There is little evidence to link the changes in pH records that have been recorded with calcified planktonic groups. Some calcified plankton have proliferated 
(echinoderm larvae, coccolithophores and foraminiferans) and so are able to cope with the variability in pH that has occurred in the central North Sea pH since the 
1950s. Bivalve larvae and pteropods, however, have gone into decline; changes in seawater carbonate chemistry need to be monitored as there is concern is that 
ongoing ocean acidification may exceed the environmental niches of numerous planktonic taxa testing their capacities for acclimation and genetic adaptation.
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Table S1. 
This is a comma-separated file, “s1.calcifiers.with.oceanography.csv” 
which contains all the data used in the analyses in the current 
manuscript. It comprises monthly averages of the SAHFOS/CPR 
plankton and ICES oceanographic data in area ‘4B’ each year. It has
18 columns which are as follows: month (the month sample was taken),
year (the year sample was taken), Date (date format),Bivalves_abund 
(CPR bivalve larval abundance); Echinos_abund (CPR echinoderm 
larval abundance); Clione_abund (CPR clione abundance); 
Thecosomes_abund (CPR thecosomes abundance); Coccos_abund
(CPR coccolithophore abundance); Forams_freq (CPR foraminiferan 
frequency); trend (absolute time in monthly blocks starting January 
1958); ices_area (the ICES area); avph (average surface pH); avt 
(average sea surface temperature); avs (average surface salinity); 
avcphl (average surface chorophyll concentration); avntot (average 
surface concentration of total nitrogen), min.ph (the minimum surface 
pH recorded in that month, year combination in ICES area 4B); and 
Table_S1.zip 
... but you can still download it
This file cannot be previewed
Page 6 of 8PLOS ONE: Long-Term Trends in Calcifying Plankton and pH in the North Sea
8-5-2013http://www.plosone.org/article/info%3Adoi%2F10.1371%2Fjournal.pone.0061175
Acknowledgments
Thanks are due to workers past and present at the Sir Alister Hardy Foundation for Ocean Science and the International Council for The Exploration of the Sea; their 
dedication in collecting, and then archiving the relevant information, has made the construction of these time-series possible. All analyses were done with OpenSource 
software (R, http://www.r-project.org/; ImageMagick, http://www.imagemagick.org/; and PostgreSQL, http://www.postgresql.org/).
Author Contributions
Conceived and designed the experiments: DJB JHS AMG. Performed the experiments: DJB JHS AMG. Analyzed the data: DJB TVH MM SJT. Wrote the paper: DJB 
AMG JHS MM TVH.
References
Hönisch B, Ridgwell A, Schmidt DN, Thomas E, Gibbs SJ, et al. (2012) The geological record of ocean acidification. Science 335: 1058–1063. Find this article 
online 
Caldeira K, Wickett ME (2005) Ocean model predictions of chemistry changes from carbon dioxide emissions to the atmosphere and ocean. Journal of 
Geophysical Research. 110, C09S04. 
Reid PC, Fischer AC, Lewis-Brown E, Meredith MP, Sparrow M, et al. (2009) Impacts of the oceans on climate change. Advances in Marine Biology 56: 1–150. 
Find this article online 
Flynn KJ, Blackford JC, Baird ME, Raven JA, Clark DR, et al. (2012) Changes in pH at the exterior surface of plankton with ocean acidification. Nature Climate 
Change 2: 510–513. doi: 10.1038/nclimate1489. Find this article online 
Nielsen LT, Jakobsen HH, Hansen PJ (2010) High resilience of two coastal plankton communities to twenty-first century seawater acidification: evidence from
microcosm studies. Marine Biology Research 6: 542–555. doi: 10.1080/17451000903476941. Find this article online 
Rossoll D, Bermúdez R, Hauss H, Schulz KG, Riebesell U, et al. (2012) Ocean acidification-induced food quality deterioration constrains trophic transfer. PLoS 
ONE 7: e34737. doi: 10.1371/journal.pone.0034737. Find this article online 
Comeau S, Gattuso J-P, Nisumaa A-M, Orr J (2012) Impact of Aragonite Saturation State Changes on Migratory Pteropods. Proceedings of the Royal Society B
279: 732–738. doi: 10.1098/rspb.2011.0910. Find this article online 
Lohbeck KT, Riebesell U, Reusch TBH (2012) Adaptive evolution of a key phytoplankton species to ocean acidification. Nature Geoscience 5: 346–351. doi: 
10.1038/ngeo1441. Find this article online 
Langer G, Nehrke G, Probert I, Ly J, Ziveri P (2009) Strain-specific responses of Emiliania huxleyi to changing seawater carbonate che mistry. Biogeosciences 
6: 2637–2646. doi: 10.5194/bg-6-2637-2009. Find this article online 
Riebesell U, Schulz KG, Bellerby RGJ, Botros M, Fritsche P, et al. (2007) Enhanced biological carbon consumption in a high CO2 ocean. Nature 450: 545–548. 
doi: 10.1038/nature06267. Find this article online 
Iglesias-Rodriguez MD, Halloran PR, Rickaby REM, Hall IR, Colmenero-Hidalgo E, et al. (2008) Phytoplankton calcification in a high-CO2 world. Science 320: 
336–340. doi: 10.1126/science.1154122. Find this article online 
Thomsen J, Gutowska MA, Saphörster J, Heinemann A, Trübenbach K, et al. (2010) Calcifying invertebrates succeed in a naturally CO2 enriched coastal 
habitat but are threatened by high levels of future acidification. Biogeosciences 7: 5119–5156. doi: 10.5194/bgd-7-5119-2010. Find this article online 
Cigliano M, Gambi MC, Rodolfo-Metalpa R, Patti FP, Hall-Spencer JM (2010) Effects of ocean acidification on invertebrate settlement at volcanic CO2 vents. 
Marine Biology 157: 2489–2502. doi: 10.1007/s00227-010-1513-6. Find this article online 
Rodolfo-Metalpa R, Houlbrèque F, Tambutté E, Boisson F, Baggini C, et al. (2011) Coral and mollusc resistance to ocean acidification adversely affected by 
warming. Nature Climate Change 1: 308–312. doi: 10.1038/nclimate1200. Find this article online 
Teal LR, de Leeuw JJ, van der Veer HW, Rijnsdorp AD (2008) Effects of climate change on growth of 0-group sole and plaice. Marine Ecolology Progress 
Series 358: 219–230. doi: 10.3354/meps07367. Find this article online 
Stumpp M, Hu MY, Melzner F, Gutowska MA, Dorey N, et al. (2012) Acidified seawater impacts sea urchin larvae pH regulatory systems relevant for 
calcification. Proceedings of the National Academy of Siences 109: 18192–18197. doi: 10.1073/pnas.1209174109. Find this article online 
Beaugrand G, McQuatters-Gollop A, Edwards M, Goberville E (2012) Long-term responses of North Atlantic calcifying plankton to climate change. Nature 
Climate Change. doi: 10.1038/NCLIMATE1753.
Hall-Spencer JM, Rodolfo-Metalpa R, Martin S, Ransome E, Fine M, et al. (2008) Volcanic carbon dioxide vents show ecosystem effects of ocean acidification. 
Nature 454: 96–99. doi: 10.1038/nature07051. Find this article online 
McQuatters-Gollop A, Reid PC, Edwards M, Burkill PH, Castellani C, et al. (2011) Is there a decline in marine phytoplankton? Nature 472: E6–E7. doi: 
10.1038/nature09950. Find this article online 
Monaghan P (1992) Seabirds and sandeels: The conflict between exploitation and conservation in the northern North Sea. Biodiversity and Conservation 1: 98–
111. doi: 10.1007/BF00731037. Find this article online 
de Boer MN (2010) Spring distribution and density of minke whale Balaenoptera acutorostrata along an offshore bank in the central North Sea. Marine Ecology 
Progress Series 408: 265–274. doi: 10.3354/meps08598. Find this article online 
Hydes DJ, McGovern E, Walsham P, Borges AV, Borges C, et al.. (2013) Chemical aspects of ocean acidification monitoring in the ICES marine area. Report of
the Joint OSPAR/ICES Ocean Acidification Study Group (SGOA), 11–14 December 2012, Copenhagen, Denmark, ICES CM 2012/ACOM:83.75 pp. 
Richardson AJ, Walne AW, John AWG, Jonas TD, Lindley JA, et al. (2006) Using continuous plankton recorder data. Progress in Oceanography 68: 27–74. doi: 
10.1016/j.pocean.2005.09.011. Find this article online 
Batten SD, Clark R, Flinkman J, Hays G, John E, et al. (2003) CPR sampling: the technical background, materials and methods, consistency and comparability. 
Progress in Oceanography 58: 193–215. doi: 10.1016/j.pocean.2003.08.004. Find this article online 
Raitsos DE, Lavender SJ, Pradhan Y, Tyrrell T, Reid PC, et al.. (2006) Coccolithophore bloom size variation in response to the regional environment of the 
subarctic North Atlantic. Limnology and Oceanography: 51(5) 2122–2130. 
Colebrook JM (1975) Automatic data processing methods. Bulletin of Marine Ecology 8: 123–142. Find this article online 
Hays GC, Warner AJ (1993) Consistency of towing speed and sampling depth for the Continuous Plankton Recorder. Journal of the Marine Biological 
Association of the United Kingdom 73: 967–970. doi: 10.1017/S0025315400034846. Find this article online 
Friedman JH (1984) A Variable Span Smoother. Available: http://stinet.dtic.mil/oai/oai?&verb=getRecord&metadataPrefix=html&identifier=ADA148241.
Accessed 2012 April 16. 
Cowpertwait PSP, Metcalfe A, Metcalfe AV (2009) Introductory time series with R. Springer. 262 p. 
Reid CP, Borges F, Svendsen E (2002) A regime shift in the North Sea circa 1988 linked to changes in the North Sea horse mackerel fishery. Fisheries 
Research 50: 163–171. doi: 10.1016/S0165-7836(00)00249-6. Find this article online 
Weijerman M, Lindeboom H, Zuur A (2005) Regime shifts in marine ecosystems of the North Sea and Wadden Sea. Marine Ecology Progress Series 298: 21–
max.ph (the maximum surface pH recorded in that month, year 
combination in ICES area 4B). Note that ‘surface’ means observations
recorded between 0–20 m depth.
doi:10.1371/journal.pone.0061175.s001
(ZIP)
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23.
24. 
25. 
26.
27. 
28. 
29. 
30. 
31. 
Page 7 of 8PLOS ONE: Long-Term Trends in Calcifying Plankton and pH in the North Sea
8-5-2013http://www.plosone.org/article/info%3Adoi%2F10.1371%2Fjournal.pone.0061175
39. doi: 10.3354/meps298021. Find this article online 
Heath MR, Beare DJ (2008) New primary production in northwest European shelf seas 1960–2003. Marine Ecology Progress Series 363: 183–203. doi: 
10.3354/meps07460. Find this article online 
Breslow NE (1984) Extra-Poisson variation in log-linear models. Applied Statistics:33(1) 38–44. 
Granger CW, Huangb B-N, Yang C-W (2000) A bivariate causality between stock prices and exchange rates: evidence from recent Asian flu. The Quarterly 
Review of Economics and Finance 40: 337–354. doi: 10.1016/S1062-9769(00)00042-9. Find this article online 
Provoost P, van Heuven S, Soetaert K, Laane RWPM, Middelburg JJ (2010) Seasonal and long-term changes in pH in the Dutch coastal zone. Biogeosciences 
7: 3869–3878. doi: 10.5194/bg-7-3869-2010. Find this article online 
Wootton JT, Pfister CA, Forester JD (2008) Dynamic patterns and ecological impacts of declining ocean pH in a high-resolution multi-year dataset. Proceedings 
of the National Academy of Sciences 105: 18848. doi: 10.1073/pnas.0810079105. Find this article online 
Hofmann GE, Smith JE, Johnson KS, Send U, Levin LA, et al. (2011) High-frequency dynamics of ocean pH: a multi-ecosystem comparison. PLoS One 6: 
e28983. doi: 10.1371/journal.pone.0028983. Find this article online 
Artioli Y, Blackford JC, Butenschön M, Holt JT, Wakelin SL, et al. (2012) The carbonate system in the North Sea: Sensitivity and model validation. Journal of 
Marine Systems 102–104: 1–13. doi: 10.1016/j.jmarsys.2012.04.006. Find this article online 
Mackas DL, Galbraith MD (2012) Pteropod time-series from the NE Pacific. ICES Journal of Marine Science 69: 448–459. doi: 10.1093/icesjms/fsr163. Find this
article online 
Ohman MD, Lavaniegos BE, Townsend AW (2009) Multi-decadal variations in calcareous holozooplankton in the California Current System: thecosome 
pteropods, heteropods, and foraminifera. Geophysical Research Letters 36: L18608. doi: 10.1029/2009GL039901. Find this article online 
Head EJH, Pepin P (2010) Spatial and inter-decadal variability in plankton abundance and composition in the Northwest Atlantic (1958–2006). Journal of 
Plankton Research 32: 1633–1648. doi: 10.1093/plankt/fbq090. Find this article online 
Beare DJ, Batten SD, Edwards M, Reid DG (2002) Prevalence of boreal Atlantic, temperate Atlantic and neritic zooplankton in the North Sea between 1958 and 
1998 in relation to temperature, salinity, stratification intensity and Atlantic inflow. Journal of Sea Research 48: 29–49. doi: 10.1016/S1385-1101(02)00131-4. 
Find this article online 
Beare DJ, Reid DG (2002) Investigating spatio-temporal change in spawning activity by Atlantic mackerel between 1977 and 1998 using Generalized Additive 
Models. ICES Journal Marine Science 59: 711–724. doi: 10.1006/jmsc.2002.1207. Find this article online 
Briggs RP, Armstrong MJ, Dickey-Collas M, Allen M, McQuaid N, et al. (2002) The application of fecundity estimates to determine the spawning stock biomass 
of Irish Sea Nephrops norvegicus (L.) using the annual larval production method. ICES Journal Marine Science 59: 109–119. doi: 10.1006/jmsc.2001.1144. Find
this article online 
Kirby RR, Beaugrand G (2009) Trophic amplification of climate warming. Proceedings of the Royal Society B 276: 4095–4103. doi: 10.1098/rspb.2009.1320. 
Find this article online 
Kirby RR, Beaugrand G, Lindley JA, Richardson AJ, Edwards M, et al. (2007) Climate effects and benthic-pelagic coupling in the North Sea. Marine Ecology 
Progress Series 330: 31–38. doi: 10.3354/meps330031. Find this article online 
Barton A, Hales B, Waldbusser GG, Langdon C, Feely RA (2012) The Pacific oyster, Crassostrea gigas, shows negative correlation to naturally elevated carbon 
dioxide levels: Implications for near-term ocean acidification effects. Limnology and Oceanography 57(3): 698–710. doi: 10.4319/lo.2012.57.3.0698. Find this
article online 
Bijma J, Honisch B, Zeebe RE (2002) Impact of the ocean carbonate chemistry on living foraminiferal shell weight: comment on “Carbonate ion concentration in
glacial-age deep waters of the Caribbean Sea” by WS Broecker and E. Clark. Geochemistry Geophysics Geosystems 3: 1064. doi: 10.1029/2002GC000388. 
Find this article online 
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
Page 8 of 8PLOS ONE: Long-Term Trends in Calcifying Plankton and pH in the North Sea
8-5-2013http://www.plosone.org/article/info%3Adoi%2F10.1371%2Fjournal.pone.0061175
